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Reaction of Plutonium Dioxide 
with Water: Formation and 

Properties of PuO,,, 
John M. Hasehke,'* Thomas H Allen? Luis A Morales' 

RtJults show that PuO,,, 8 high-cornpos&mn (x I 027) phase containing 
Pu(V0, is the stable binary o d e  m air This nonstoichiometnc oude forms by 
nrction of dloxlde mth water and by water-catalyrcd reaction of dioxide with 
oxygen The Puo, + H,O nactm rate IS 027 nanomoles per meter squared 
per hour at 25°C. the activation energy at 25'to 350% is 39 kilojoules per mole 
Slow kinetics 8nd a low Lattice parameter-composition dependence for fluorite- 
related PuO,,, are consistent mth a failure to observe the phase in earlier 
studies Perplexing aspects of plutonium oxide chemcstry a n  now be explained 

A fundamema1 tenet of plutomum cbcmimy 
has been that PuO, is the bigbest CampDuhon 

on emmated thcnnodynarmc propma sup 
gesnng that higher oxides arc unstable (4) 
and on unsuccessful aricmpts by early work- 
ers to prepare higher oxides ID expcnments 
wth mong oxidants such as a t m c  oxygen, 
ozone. and nitrogen &oxide (5, 6 )  Higber 
oxides were also not scen dunng thermal 
decomposihon o f  PuW) carbonates (7) Ex- 
cess mass pains observed dunng amosphenc 

to admpoon o f  water on the Lghavface 
area product (2, 8) Howeva, results of a 

photoelectron spectroscopy (XP!S) study of 
the adherent oxide fimned on Pu metal by 
mcnon 111 water vapor at 250OC showed that 
a higher oude fonned at the gasoxlde mer- 
face bad a fluonte-related structure and con- 
tained Pu(V1) (9) 

Here w e  show that PuO,,,, the stable 
oxide in air, is formed by reacaon of  PUO, 
with adsorbed water ID at 25' to 350°C 
PuOks) + xHjO(ads )-+Pu02+,(s) + xHdg) 

( 1 )  
Mass spectromemc analyses show that H, IS 

the only gaseous product Oxidauon rates (R) 
measured at constant temperature and H,O 
pressure b) microbalance (MB) and pmsure- 
volume-temperature (PVT) methods (10-12) 
were constant over a range o f  oxide compo- 
sition as shown by representahve linear pres- 
sure-time (P-r) data (Fig 1 ) and by mass-time 
curves Pressure-ume data for 25OC gave an 
R of 0 13 m o l  0 m-3 hour-' The mtial 
oxide composition (PuO, w) used m these 
tests was as detcnnlmd from XRD mults 

b i q  oxide (1-3) 7bal dC.UTJpbOn based 

I 

I oxidation of  plutonium metal w m  attnbuted 

recent x-ray dlf€i.acbOn (XRD) and x-lay 
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and lamce parameter (u,,)-composition data 
fWPuo2, (13) Tbc x value was 0 17 after 
the ted at 350°C and changed by 0 003 m 4 
yean at 2SoC, but the maxlmum oxide can- 
position was not a m e d  at any temperature 

The rate of Eq 1 at 25°C is also denved 
from P-r and mass specaromemc data ob- 
tuned after exposmg PuO, to a 2 1 molar 
mhur of H2 and O2 Water formed III situ 
by surfacecatalyzed associahon o f  the ele- 
ments 114) was not detected by mass spec- 
trometry but remamed chemisorbed as OH- 
on the oxide surface (15) and caused a pro- 
grcsstve decrease UI the H, + 0, combina- 
tlon rate as actlve sites were blocked After 
more than 100 days, the OH- concentration 
reacbed 15 to 20% of monolayer coverage on 
the, oxide and the P-t curve became linear as 
0, mcud at a constant rate (025 nmol 0 
rn+ born-') charactenroc of the hO, + 
H,O reamon 

Data for H, generation b\ reaction of 
hgh-swface area (750 m2 g- ') PuO, dunng 
hydrolysis o f  Pu m aqueous salt solunon (16, 
1 7 ) ~ ~ e a r a t e o f O 4 2 n m o l O m - ~  hour-' 
for Q I Tbree mdependent results give an 
average R o f  027 = 0 17 nmol 0 rn-' 
hour-' at 2S"C and show that the reaction 
fate is independent o f  adsorbed H,O over a 
concentmaon range extending fiom fiaction- 
a1 surface coverage by OH- to Saturation in 
liquid water Oxrdation is sufficiently slow 
that the oxidanon rate at 25°C is maintained 
by chemisorbed H,O at less than 20% mono- 
layer coverage by OH- 

Results sho\r tbat the rate of the PuO, + 
H,O reacnon IS a funcnon o f  temperature as 
descnbed by Arrfiemus relation (Fig 2) 
wth an activation energy of 39 2 3 W h o l  
This result IS CQnsiStcnt wth chemical reac- 
tion and suggests that the conmbution from 

formed by accommodanng a hgh oudahon 
state of plutomum and tnterstmal oxygen III 
the fluonte structure of PuO, Earlier XPS 
analysis of the oxlde formed during oxldanon 
of metal by water (9) showed peaks wth hgh 
binding energies (442 and 429 eV for the 
4h2 and 4f,? spectra, respectrvely) correlat- 
ed H l t h  either the Pu(vI) or Pu(VI1) oxlda- 
aon state and indicating the absence o f  
PuN) The 0 1s spectrum 1s consistent wth 
the pmence of oxygen as oxide We ambute 
the absence of OH- to conhnuing reaction 
after placement in the spectrometer XRD 
data for oxides that we synthesued showed 
fluonte-related face-centered cubic structures 
and a surpnsingly low composiaon depen- 
dence of  u, (Fig 3) The lattice parameter 
reached a mmimum (5 3975 A) at PuO, oo, 
increased sharply over a narrow composition 
mge, and mcrcased linearly w i t h  0 Pu to 
values in excess o f  PuO, 2J 

inxnsitivity of  uo to PuO,,, composition 
is consistent wth substituaon of Pu(VI) for 
PuWj on cationic sites o f  a fluonv structure 
and accommodabon o f  additlonal @- 111 oc- 
tahedral mterShceS This shucturat model IS 

supported by analogy to UO,,, (18) y d  by 
neutron &macuon results (19) Subsumtion 
of  PuWI) tends to shnnk the lamce, but 
adltion o f  0'- caws  expansion These op- 
posing changes are apparently of comparable 
mapirude and result in a low 0 Pu depen- 
dmce of uo The sharp increase 111 P, at 
composiaons me&ately above that of 6- 
oxide suggests that onset of  PuO,,, forma- 
oon IS accompmed by expansion of the en- 
tuc lamce Frequent appeamnce of short III- 
duction pen& at the begmag of rate mea- 
surements may result from sluush latuce 
dynamics 

Results for the oxide prepared by hydrol- 
ysis of Pu m salt solution at room temperature 
(16 f7) confirm the u,-COmposibon depen- 
dence (Fig 3) and demonstrate that PuO,,, 
is unstable at elevated temperatures 111 the 
absence of water or oxygen H, formed dur- 

I I I , 

b, decay Of 

ble m our expmments 

consistent with a solid solutlon PuO,,, phase 

wmvs was negl'gi- Fig 1 Time dependence of the H, pressure 
dunng exposure of PuO, to H,O vapor at ex- 

Dlfhctlon and spectroscopic data are ' penmental temperatures a d  a constant water 
pressure of 32 mbar (24 ton) 
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Fig 2 An)nnius r ~ t p i s  of ratetemperature 
data for the PuO, + H 0 reaction at 25. to 
350% a d  32-mbar H,d pressure Data from 
ME a d  PVT mawremcms are indwted by 
f iW and open ardes respavety The data 
point at 1oOOC (triangle) was detennined by 
using the extent of reactton dcnved from a. of 
the product and the Lana paramcter-compo- 
sition correlation (Fig 3) The Anhemus qua- 
tron IS lnR = -6441 - (4706/T) 

mg the Pu + H,O reaction and conmud te 
form as progressive oxidaaon produced plu- 
tonium monoxide monohydnde (PuOH) and 
a xnes  of  oxide hydnde and oxlde phases 
H, production continued beyond the dioxide 
composition in a process that we can now 
explain by Eq I The measured (I, (5 404 A) 
of the PuO,,,, product obtained when the 
test was arbitranly terminated agrees closely 
with the correlation dcnved for 0 Pu ratios in 
the 2 0 16 to 2 I69 range Thcnogravunemc 
analysis at 25" to 500'C and (I, for the fired 
oxide showed that PuO,,, decomposes to 
PuO, upon heating in a vacuum ( 1 7 )  

Our results show that PuO,,, is formed in 
moist air or moist oxygen v u  a catalytic cycle 
(Fig 4) dnwn by Eq I We observed that 
Rater formed and accumulated on the oxide 
surface as H, and 0, dissociatnely adsorbed 
and associated as H,O while oxygen simul- 
taneously disappeared ar a constant rate char- 
actenstic of  the PuO, + H20 reaction As 
shown by the cycle adsorbed H 2 0  reacts to 
form PuO,,, However in the presence of 
0, atomic H that formed on the oxide by the 
PuO, + H,O reaction does not associate as 
H2. but reacts with dmxiatively adsorbed 
oxygen to re-form H,O The net result of the 
cyclic process is the reaction of  PuO, and 0, 
at the rate of PuO, + H 2 0  Water enhances 
the rate of PuO,,, formation, whle the oxide 
surface catalyzes re-formation of water Th~s 
catalytic cycle accounts for all observations 
in this study, as well as for transformation ok 
isotopically labeled 0,. mto H,O* dunng 
oxidation o f  uranium (20) I 

h 
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Fig 3 Dependence of the cubic lattice param- 
eter (a3 on oude composition to Pu ratio = 
2 t x) of the PuO, I and PuO,-,, phases at 
room temperature. Reference lattice paramet- 
er-OPu data for PuO,, from Cardner er a1 
(13) are shown by triangles and ag of the 
starting oxlde (Puo, 9,) IS shown by a square 
Values of a,, obtained for products from MB and 
PVT m c a s u m t t  are shown by filled and 
open axles, respectively The lattice param- 

&ton dependence of PUO,,~ IS giv- r;== 53643 i 001746 OPU 

The descriptive chemisq of pluts~~um IS 
confused by cOnflicting repons that the diox- 
ide is green (I) or dull yellow to khaki (3) 
We observed that the dioxide is yellow to 
buff, but that PuO,-, consistentlv has an 
intense g u n  color 

Our results show that PuO--, is the thher- 
modynamically stable oxide of  plutomum in 
au at temperatures below 350°C and conua- 
did eartier mdence that higher oxides are 
unstable md canno1 be prepared Failwe to 
observe PuO,,, may have resulted from sev- 
eral factors The stabilitv range was probablv 
exceeded by reaction temperatures ( I OOO" 2 
l00'C) of some studies (21) E\posure of the 
dioxide to strong oxidants increabes the tree 
energy for wcuon but does not necessanlv 
enhance the hnctics Although oxidation by 
0, is thermodynamicall\ more fa\ orable than 
oxidation by H,O reaction 01 dw oxvgen is 
slow and the extMt is Iimiied aner a few -hour 
expenment (6) If oxidarion occurred 11s de- 
tection by XRD is unlikclv because of the 
low a,-O Pu dependence of PuO, - (Ftg 3 )  
and the expectation that a. would decrease 
Wtth lncreaslng x as for LO--T 121) Oxida- 
hon by water IS also slou but readily detect- 
ed by production of H2 a sensiii\e and de- 
fimtive mdmtor of PuO,-, formation 

FW,,, apparrnrlv pamcipates l ~ 1  moisture- 
enhanced cornion of the metal ( 9  14)  Reac- 
han of adsorbed water w i t h  PuO, conmbutes to 
4 prrssurvatl~n of sealed storage contamers 
(22) untd tbe equ&bnum preswe of Eq I is 
reached. As wtb uraruum oxlde the presence 
of hexavalent cat~ons should u~.~ease oxlde sol- 
ubility Ehtni~tlon of  F'qVI) bv decomposi- 

h) b H W )  * a Q  bas) 

Fig 4 The chernccal cyde for H,O-catalyzed 
PuO + 0, r e a m  and oxide-catalyred regen- 
eratifon of H,O 

aon of FW,,, dunng calclnabon may account 
far slow dssoiuaon of %gh !ired" oxide m 
aqueous a d s  (I, 3) Leadung of accumulated 
pU0 fkom PUO,,, f d  by water-cata- 
lyred oxldatm of PuO, m am accounts for the 
appearanccof Fbo as the prrdormnant spe- 
cies m water coexlstlng wah on& (23) and 
may be unportant m the surpnslngly tapid ( 1 3 
k m  m 30 years) gmundwater nugranon of plu- 
mmum (24) 
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Communication Through a 
Diffusive Medium: Coherence 

and Capacity 
Arts L Moustakas,'* Harold U Baranger,' * Leon Babnts.' ' 

Anirvrn M kngupta,' Steven H Simon' 

Coherent wave propagatton in disordered media gwes nse to many fascinating 
phenomena as dlwrse as unwersal conductance fluctuations UI mcsoscopic 
metals and speckle patterns in bght scattenng Here, the theory of dectro- 
magnetic wave propagabon in diffusive media is combined wrth information 
theory to show how interference affects the information transmission rate 
between antenna amys Nontrmal dependenues of the information capauty 
on the nature of the antenna amys are found, such as the dimensionality of 
the arrays and their diremon mth respect to the local scattering medium This 
approach provides a physical picture for understanding the importance of 
scattering in the transfer of information through wireless communications 

The ongoing ~~mmwcatlous rnolunon has 
motivated researchers to looL for oo\el ua\s 
to transmit lnformanon (I 2, One recent 
development (3 4 )  LS the rue_nemon that 
contmq to long-held beliefs random rancr- 
ing of microwave or radio si&< mat en- 
hance the amount of  lnformanon that can be 
aansrmned on a part~cular channel Prompted 
bv this suggestion u e  muoduce a realimc 
physical model for a scanenng rntuonment 
and analytically evaluate the amount of infor- 
mation that can be uansrmned bemm tu0 

antenna arrays for a number o f  example cas- 
es On the one hand. this la\s a oca founda- 
tion for complex microha\ e signal modellng 
an important task m a world uitb e\a-m- 
creasing demand for wneless commwca- 
tion and on the other it lIltroduces a neu 
arena for physicists to test ideas concem_o 

From information theon (5) the capac- 
iry of a channel between a uansmitter and a 
receiver that is, the maximum rate o f  in- 

formation transfer at a gi\ en fiequenm can 
be descnbed in terms of the a\erape pouer 

I 

, 

, disordered media 
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of tbe signal S and the nose N at the 
receixerr C = log,(l + SIN) More gener- 
all\ (2). the communication channel con- 
necting several transmitters and receivers is 
descnbed by a mamx G,, giving the am- 
plitude of the received signal a due to 
transminer I The information carried by 
the channel can be charactenzed by using 
se\eral quantities, such as the capacin or 
mutual information. w hich are typically 
fi~ctionals o f  the mamx G, which must be 
knoun in order to predict these quantities 
Often G cannot be predicted for actual sl s- 
tems such as wireless communication net- 
H orks or optical fibers because of  the com- 
plicated scattering and interference of 
ua\es that are involved It is crucial, there- 
fore to develop physical models for the 
signal propagation because i t  is only 
through such models that one can under- 
staod the real effects of scattenng and in-  

terference on the amount of  information 
that can be communicated 

In many cases, only pamal tnformation is 
a\ailable for predicuon, m these situations 
one has only a statistical descnptlon of G 
lnnead of malung assumpnons about G di- 
recth which is the USUI procedure tn infor- 
mation theory, we introduce stansncal mod- 
els for the physical enwonment from whch 
we denve the prowt~es  of G The advantage 
of this procedure IS that sunple physical mod- 
els can vield very nontn\?al properties of G 
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Statistical descnptions of  the emironment 
hale been quite successful in the physics of 
disordered media (6-9) The simplest of 
these is diffusive propagation In our case of 
electromagnetic propagation in  the context of 
w ireless communication, diffusion is known 
to work well in vanous circumstances (IO), 
and simple extensions seem relevant for 
man) others From a diffusive approach one 
finds the moments o f  the distnbution of  G 
These will enable us to calculate incormation- 
theoretic quantities (for example the capaci- 
fi) using a replica field theory approach to 
random mamx theor) ( 7 1 )  lmplicit in this 
approach is the assumption that the full dis- 
mbution of  G is sampled which is realistic in 

many real-world situations where the envi- 
ronment is changing However uhen the 
number of antennas is large man\ quantities 
of interest become strong!\ peahed around 
their average and this assumptron can be 
relaxed 

In a statistical descnption, the scanenng 
of the signal is charactenzed by the mean- 
free path, ( corresponding roughlv to the 
distance between scanenng events When ( is 
large compared to the wavelength A but small 
compared to the distance d between the two 
arrays the save propagation becomes d i f i -  
si\ e (8 9) This has been analyzed previously 
in the context of electron diffusion in metals 
(6  7 )  and light propagation in solids (8 12) 
In the case of wireless propagation with sig- 
nals in the 2-GHz region, A - 10 to 15 cm, 
u hile P is on the order o f  meters for indoors 
and tens of meters for outdoors propagation 
50 diffusion is applicable 

In the diffusive regime A C< t to lead- 
ing order in  AI( only the quadratic corre- 
lations (G,,Gf,) are nonnegiigible and 
therefore describe the system where the 
brackets represent an average over realiza- 
tions of the disorder Higher cumulants o f  
G are of higher order in A l l  Therefore the 
distribution of G is Gaussian w i t h  zero 
a\erage (6-9)  The leading term in 

(G,-G;& is evaluated by a summation of 
so-called ladder diagrams (8)  correspond- 
ing to processes in  (G,,G;J shere the 
waves from antennas I to a and from J to p 
propagate through the scattering medium 
along identical paths except for segments 
of order at each end 

In several realistic situations discussed be- 
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